release from the sarcoplasmic reticulum (SR) that propagate along cardiac cells. The purpose of this review is to discuss the mechanism of production of these waves and how they depend on the properties of the SR Ca 2þ release channel or ryanodine receptor (RyR). The best-known method of producing Ca 2þ waves is by increasing the Ca 2þ content of the cell by either increasing Ca 2þ influx or decreasing efflux. Once SR Ca 2þ content reaches a threshold level a Ca 2þ wave is produced. Altering the properties of the RyR affects the threshold level of Ca 2þ required to produce a wave. Patients with a mutation in the RyR suffer from catecholaminergic polymorphic ventricular tachycardia, and this may be due to a decrease in the SR Ca 2þ threshold for wave production. Heart failure has also been suggested to result in Ca 2þ waves due to a leak of Ca 2þ through the RyR. We review the finding that these changes in RyR function will only result in Ca 2þ waves in the steady state if some other mechanism maintains the SR Ca 2þ content. The review concludes with a description of potential mechanisms for treating arrhythmias produced by Ca 2þ waves.
Introduction
Much of our current understanding of the role of the sarcoplasmic reticulum (SR) in arrhythmias comes from work done in the early 1970s on the arrhythmogenic effects of intoxication with digitalis glycosides. Studies on isolated Purkinje fibres found that digitalis-like glycosides produced a delayed after depolarization (DAD) that could reach threshold and result in an action potential. [1] [2] [3] Rosen et al. 4 performed a cross-perfusion experiment in which they infused a dog with ouabain and took blood from this animal to superfuse an isolated Purkinje fibre. When the point was reached at which the dog developed ventricular ectopic beats, DADs were seen in the isolated Purkinje fibre thereby showing the link between DADs and ventricular arrhythmias.
Subsequent work used the voltage clamp technique to investigate the membrane currents responsible for the DAD. Pioneering work by Lederer and Tsien 5 revealed a 'transient inward current' activated on repolarization in digitalis-intoxicated preparations. Subsequent studies showed that the transient inward current occurred at about the same time as a secondary tension development (aftercontraction) thereby linking it to a rise of [Ca 2þ ] i . 6, 7 After a large amount of work from many groups, it was shown that the transient inward current was carried by inward current on Na-Ca exchange (NCX) as a result of its stoichiometry (3 Na þ entering the cell in exchange for 1 Ca 2þ leaving). 8, 9 Ca 2þ release from the SR activates NCX leading to a decrease of [Ca 2þ ] i and an inward (depolarizing) current.
The underlying diastolic increase of Ca 2þ propagates as a wave along the cell. Evidence for such Ca 2þ waves was first inferred from tension changes. 6, [10] [11] [12] Subsequent work on multicellular tissues showed that the aftercontraction was accompanied by a phasic rise of [Ca 2þ ] i 13-17 and direct cellular studies have measured the Ca 2þ wave itself in single cells 18 ( Figure 1A) . As an aid to discussion, Figure 1B shows a flow diagram of the events that are involved in the generation of calcium waves. Specifically, an increase of Ca 2þ influx and/or a decrease of Ca 2þ efflux across the cell membrane leads to an increase of SR Ca 2þ content which in turn produces Ca 2þ waves. Some of the Ca 2þ in the wave is pumped out of the cell on NCX resulting in a DAD which, if large enough, produces an action potential.
What is calcium overload?
The 19 Importantly, the amplitude of the Ca 2þ waves is also unaffected (Figure 2A) . These results were interpreted suggesting that concentration, the SR threshold will be reached more quickly and the frequency of waves will increase. Subsequent work measured the SR Ca 2þ content at the end of a wave and showed that the decrease of SR content was equal to that amount of Ca 2þ removed from the cell during the wave. 20 The idea of an SR Ca 2þ threshold for waves has recently received further experimental support and indeed the term 'SOICR' for store-overload-induced Ca 2þ release has been coined. 21 The apparent SR threshold for Ca 2þ waves depends on the properties of the RyR. Thus, potentiating the opening of the RyR with caffeine decreases the threshold for Ca 2þ release 22 whereas decreasing it with tetracaine increases the threshold 23 ( Figure 3 ). An obvious question concerns the mechanisms responsible for this apparent threshold SR Ca 2þ content required for release. It is well known that the probability of the RyR opening (p o ) is increased by elevating cytoplasmic Ca 2þ concentration. 24 In addition, an increase of SR Ca 2þ content also increases p o -the so-called 'luminal' effect. 25, 26 The increased opening of clusters of RyRs is seen by the increased frequency of Ca 2þ 'sparks'. Measurements of Ca 2þ sparks show that Ca 2þ waves are initiated by an increase of spark frequency and sparks can often be seen at the initiation of a wave. 27 On this model, an increase of [Ca 2þ ] i increases the frequency of sparks content leading to a situation where wave propagation is due to Ca 2þ released by sparks at one site diffusing to other sites and activating further sparks ( Figure 1C) .
A different interpretation of the propagation of Ca 2þ waves has been proposed recently. 28 This is based on the observation that rapid inhibition of SERCA results in a slowing of the propagation velocity of Ca 2þ waves. This result was interpreted with a hypothesis in which Ca 2þ released from the SR in the wave is taken up into the next region of SR thereby increasing SR Ca 2þ content and initiating further Ca 2þ release (see Section 3.3 for further discussion).
Calcium waves during stimulation
The above review has focused on the Ca 2þ waves observed in unstimulated conditions. However, the diastolic Ca 2þ release that activates the arrhythmogenic transient inward current and therefore the DAD occurs following the end of an action potential. The fact that this diastolic calcium release and the spontaneous waves are seen under similar conditions has led to the assumption that they have similar origins but it is important to consider this. There is reasonable evidence that the calcium release accompanying the DAD propagates as a wave. 29, 30 The next question then is what is responsible for initiating the DAD-related wave? There are two possibilities: (i) changes of SR content and (ii) some other factor. As regards the role of SR Ca 2þ content, there is a lack of direct evidence relating to what happens to SR Ca 2þ content when both diastolic and systolic Ca 2þ release are seen. Recent papers have developed a technique to measure free intra-SR Ca 2þ content using low affinity Ca 2þ indicators, 31,32 but we are unaware of this technique being used to specifically address the question of whether the SR Ca 2þ content is elevated above a threshold level at the start of the diastolic Ca 2þ release. We have estimated the changes of cellular SR Ca 2þ content by integrating the Ca 2þ influx into the cell on the L-type Ca 2þ current and the efflux (largely on the NCX). It should be noted that these calculations ignore the small entry of Ca 2þ on 'reverse mode' and efflux on 'forward mode' NCX that that may occur during depolarization. Under control conditions influx and efflux are in balance ( Figure 4A ). When Ca 2þ waves are produced by b-adrenergic stimulation, then the increased Ca 2þ influx (due to the augmented L-type Ca 2þ current) is now balanced by the sum of the effluxes during (i) the systolic Ca 2þ transient and (ii) the Ca 2þ release accompanying the DAD ( Figure 4B ). 33 This means that at the end of the systolic Ca 2þ transient, the Ca 2þ content of the cell (and therefore presumably of the SR) is greater than that before systole. It is therefore possible that it is this increase of SR Ca 2þ content that is responsible for the initiation of the Ca 2þ wave. However, in addition to an increase of SR Ca 2þ content, several other factors could be involved. (i) If the membrane potential is depolarized to very positive membrane potentials, there may be little Ca 2þ influx into the cell due to the small electrochemical driving force for Ca 2þ entry. On repolarization, there will be an immediate increase of driving force-promoting Ca 2þ which will then terminate as the Ca 2þ channels close due to voltage-dependent deactivation. If repolarization is rapid enough (as for example following a square voltage clamp pulse) then the Ca 2þ influx is sufficient to activate Ca 2þ release from the SR. 34, 35 This may be less important following an action potential since the slower repolarization may allow channels to close before the driving force becomes large enough to allow significant Ca 2þ entry. This hypothesis has been investigated experimentally by Egdell et al. 36 who examined the effects of adding cadmium to block the L-type channel before the diastolic release occurred. They found that despite the presumed inhibition of the L-type channels, the Ca 2þ release persisted suggesting that this release was not triggered by Ca 2þ entering the cell on repolarization. It has been suggested that the SR Ca 2þ content may not be the only (or indeed the major) factor determining when arrhythmogenic Ca 2þ release occurs. As the frequency of stimulation of guinea-pig ventricular myocytes was increased, aftercontractions were eventually observed. Figure 3 The dependence of the probability of a Ca 2þ wave occurring on the sarcoplasmic reticulum Ca 2þ content. Note the threshold dependence on sarcoplasmic reticulum content and the shift of this threshold to the left by caffeine and to the right by tetracaine. Experiments on rat ventricular myocytes: caffeine data taken from Venetucci et al. 39 and tetracaine from Overend et al. ] i ; middle membrane current (note the two gains used); bottom, calculated Ca 2þ balance in the cell. This is calculated from the entry into the cell on the L-type Ca 2þ current minus the efflux (largely on Na-Ca exchange). Three components of flux are identified: I, Ca 2þ influx; SE, systolic efflux; DE, diastolic efflux. The three panels show: (A) control; (B) isoproterenol (1 mM); (C ) isoprotereonolþtetracaine (50 mM). Note that in control systolic efflux balances the influx whereas in isoproterenol the systolic efflux is less than the influx predicting an increase of cellular Ca 2þ during systole. Experiments on rat ventricular myocytes from Venetucci;
33 used with permission.
However, the SR Ca 2þ content was not different when aftercontractions were observed compared to when the stimulation rate was just subthreshold for production of aftercontractions. 37 Similar results were obtained when aftercontractions were elicited by exposure to catecholamines. 38 It was found that when aftercontractions occur, the cytoplasmic Ca 2þ concentration is elevated and these authors therefore suggested that it is the increase of cytoplasmic as well as SR Ca 2þ that is important. It should, however, be noted that the steep dependence of Ca 2þ release on SR content 19 may have made it difficult to observe a small increase of SR Ca 2þ content accompanying the appearance of aftercontractions. The SR Ca 2þ content hypothesis can also account for the fact that when the RyR is potentiated with caffeine, aftercontractions 39 33, 38, 40, 41 Manoeuvres that decrease the ability of NCX to pump Ca 2þ out of the cell such as elevating intracellular Na concentration (by inhibiting the Na-K pump with cardiac glycosides 6 or potassium depleted solutions) 12,42,43 also produce waves. 21 waves of modifying the ryanodine receptor 3.2.1 Experimental modulation As mentioned earlier, changing the properties of the RyR affects the occurrence of calcium waves. Addition of caffeine increases the frequency but decreases the amplitude of these waves (or the effects on contraction and membrane current fluctuations). 10, 22, 44 Conversely, tetracaine (which decreases RyR opening) decreases the frequency but increases the amplitude of waves. 23, 44 These effects can be explained as follows. Addition of caffeine will potentiate the opening of the RyRs. Therefore, at a given SR Ca 2þ content, the open probability of the RyR will be increased. It follows that if a critical open probability is required to initiate a wave, then caffeine will decrease the content at which the wave occurs ( Figure 3) . The fact that the threshold content is reduced has two implications. (i) The amount of Ca 2þ in the SR when the wave begins will be less and therefore the amplitude of the wave will be decreased. (ii) As a consequence of the smaller Ca 2þ release, less Ca 2þ will be pumped out of the cell and therefore less Ca 2þ need enter the cell to refill the SR back to threshold. Therefore (assuming that Ca 2þ influx into the cell is unaffected), the frequency of waves will be increased. Formally, the frequency of waves will be increased by the same fraction by which the efflux per wave is decreased so that the time averaged Ca 2þ efflux from the cell is constant. This is required as in the steady-state Ca 2þ efflux must equal influx. The effects of tetracaine can be explained by the fact that the threshold is increased resulting in a larger Ca 2þ release requiring a longer interval to refill the SR thereby decreasing wave frequency.
The effects on Ca

Pathological modulation of the ryanodine receptor
Two forms of modulation of the RyR have been suggested to be involved in Ca 2þ -dependent arrhythmias: mutation of the RyR and phosphorylation in heart failure. We will consider these in turn.
Mutation of the ryanodine receptor and other proteins
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a severe inherited arrhythmic syndrome caused by the occurrence of bidirectional or polymorphic VT following catecholamine stimulation (during exercise and other stress). 45 It has been shown to be caused by a mutation in the RyR. 46, 47 The mutation causes increased opening of the RyR in the presence of PKA-dependent phosphorylation. 48 A mouse created to express the same mutation in the RyR shows a predisposition to exhibit DADs. 49, 50 Subsequent work has found a large number of other mutations in the RyR and some have also been shown to be associated with arrhythmias. (See 51 for a review of this area). As well as mutations of the RyR, those of the SR Ca 2þ -binding protein calsequestrin (CSQ) have also been implicated in CPVT.
52,53
Hyperphosphorylation of the ryanodine receptor in heart failure
It has been reported that the RyR becomes excessively phosphorylated (hyperphosphorylated) in heart failure. 54 This phosphorylation has been suggested to cause dissociation of the regulatory protein FKBP12.6 resulting in increased leak of Ca 2þ from the RyR. This mechanism has the attraction that a single hypothesis can account for the fact that in heart failure, there is both (i) a decrease of SR Ca 2þ content and consequent decreased Ca 2þ transient and (ii) initiation of arrhythmogenic Ca 2þ waves and thence DADs and arrhythmias. 48, 55, 56 It is, however, worth noting that many aspects of this scheme are still controversial. 50, 51, 57 A recent review has also highlighted the controversies in understanding the effects of b-adrenergic stimulation on the RyR. Figure 5A shows the effects of adding a low concentration of caffeine (to increase the open probability of the RyR) to a cell that was not showing Ca 2þ waves. Ca 2þ waves are produced following the first three or so stimuli. However, subsequent stimuli do not produce waves. The explanation for this is provided by the calculated SR Ca 2þ content (lower panel). The decrease in SR Ca 2þ is due to the extra efflux produced by the initial Ca 2þ waves. In the steady state, the decrease of SR Ca 2þ content will compensate for the direct effect of caffeine on the RyR and no waves will be seen. Figure 5B shows what happens when the experiment is repeated in the presence of b-adrenergic stimulation with isoprenaline. Now, the addition of caffeine evokes diastolic Ca 2þ waves in the majority of cells. The explanation for this is that the b-adrenergic stimulation has increased SR Ca 2þ content to a sufficiently high level such that even when caffeine is added the level of SR Ca 2þ is still high enough to be above the threshold SR content.
39 Figure 5C shows the SR Ca 2þ content as a function of caffeine concentration. Caffeine decreases SR content in both control and isoprenaline. However, at a given caffeine concentration, the SR Ca 2þ content is always increased by isoprenaline. Why is it that waves only persist in the steady state in the presence of b-adrenergic stimulation? One simple explanation is that in the steady state the calcium influx into the cell must equal the amount that leaves the cell during the systolic Ca 2þ transient plus any that leaves on a wave. The efflux associated with a Ca 2þ wave is typically 8 mmol/L. 33 This means that the Ca 2þ influx must be larger than this value and as the amplitude of the systolic Ca 2þ transient increases and therefore the systolic efflux increases then the influx must be even larger. On this basis it will be the increase of the L-type Ca 2þ current produced by b-adrenergic stimulation that provides sufficient Ca 2þ influx to allow Ca 2þ waves to occur A further consideration might suggest that b-adrenergic stimulation should be even more arrhythmogenic than is inotropy via other mechanisms since the Ca 2þ transient decays more quickly (due to stimulation of SERCA by phosphorylation of phospholamban). Therefore the time available for Ca 2þ to leave the cell on NCX during systole will be decreased and, for a given sized Ca 2þ transient there will be less efflux of Ca 2þ from the cell and therefore a greater requirement for Ca 2þ to leave the cell on waves. These considerations are, of course, consistent with the clinical observation that patients with mutations in the RyR are most likely to develop arrhythmias in the presence of b-adrenergic stimulation. It should, however, be noted that (see section 3.3) stimulation of SERCA may make it harder for waves to propagate. Furthermore b-adrenergic stimulation is normally associated with an increase in heart rate and abbreviation of the diastolic period which will give less time for diastolic release to occur. The net result of these factors is therefore difficult to predict.
The effect of modulation of SERCA on Ca 21 waves and arrhythmias
When SERCA is greatly inhibited with TBQ (2,5-di-tertbutyl-1,2,benzohydroquinone) in unstimulated cells, there is a marked decrease in the frequency of calcium waves. 59 This is accompanied by an increase in the duration of each wave (as a result of decreased reuptake of Ca 2þ into the SR) resulting in more Ca 2þ efflux per wave (on NCX). The combination of a lower frequency of waves with greater efflux per wave results in no change of time-averaged Ca 2þ efflux from the cell. It was also noted that the apparent threshold SR Ca 2þ content for waves was decreased. 59 This was suggested to result from an effect of SERCA interfering with wave propagation. In other words, Ca 2þ released from one region in the cell has to diffuse through the cytoplasm (past the SERCAcontaining longitudinal SR) to the next SR Ca 2þ release site. Some of the Ca 2þ will be taken back into the SR by SERCA thus decreasing the efficiency of wave propagation. This effect will be decreased by inhibition of SERCA. However, it has also been suggested that SERCA may be required for wave propagation. As mentioned in Section 2.1, rapid inhibition of SERCA using a photolabile inhibitor found a decrease of propagation velocity of the wave, 28 an effect that was interpreted as showing that Ca 2þ uptake into the SR ahead of the propagating wave is required to trigger release. This result might suggest that stimulation of SERCA would promote the occurrence of Ca 2þ waves. However, it is worth noting that overexpression of SERCA has been shown to decrease the occurrence of both Ca 2þ dependent aftercontractions 60 and reperfusion arrhythmias 61 suggesting that SERCA may be antiarrhythmogenic. In other words, increased SERCA activity may have two opposite effects on the probability of Ca 2þ waves occurring (i) an increase due to increased SR content and (ii) a decrease due to making it more difficult for waves to propagate.
Ca 21 waves-friend or foe?
Much attention has been paid to the fact that Ca 2þ waves result in arrhythmogenic inward currents. However, they do provide a way for a cardiac cell to come into Ca 2þ flux balance in the presence of increased Ca 2þ influx. At a single cell level, this can be answered easily. All that is required is that the DAD resulting from the transient inward current is large enough to reach the threshold for action potential generation. The situation is more complicated for the intact heart. This is because the cells are electrically coupled and a given transient inward current will therefore produce a smaller DAD than if all the current was only injected into a single cell. It would therefore require many cells to have DADs for an ectopic beat to emerge. Simulations using an atrial model comprising an array of 512 by 512 cells suggested that a DAD would have to be produced in about 1000 cells for an ectopic beat to result. 62 The exact number of cells depends on factors such as geometry and the intercellular coupling. Presumably as the degree of cell Ca 2þ overload increases, then the probability that sufficient cells have waves will increase. Of course, if the cells in a given region have similar properties then it is likely that many of them will develop Ca 2þ waves at the same time. Another important consideration is whether or not Ca 2þ waves can propagate between cells 63 since, if this occurs, it will be easier to have waves in this critical number of cells. It should also be remembered that although most experimental studies on Ca 2þ waves are carried out on ventricular muscle, there is considerable evidence that arrhythmias may arise in the Purkinje fibres (see Janse and Wit 64 and ter Keurs and Boyden 65 for reviews). Indeed some of the first work on DADs showed that these are elicited more easily in Purkinje fibres than ventricular muscle. 1 
How might Ca
21
-wave-dependent arrhythmias be treated?
As shown in Figure 1B , in principle there are three ways to treat arrhythmias that originate from Ca 2þ waves; (i) abolish the Ca 2þ waves; (ii) stop the Ca 2þ waves producing a DAD, and (iii) stop the DAD producing an ectopic beat. We will discuss the first strategy below. The second approach would require either increasing the background K conductance of the membrane or using an NCX inhibitor to prevent the Ca 2þ wave activating the NCX current but such inhibitors might have untoward effects on Ca 2þ handling (see Sipido et al. 66 for a review). As far as the third possibility is concerned, this is the mechanism by which the local anaesthetic group of drugs operate (by decreasing the excitability of the cell membrane). In this context, it is worth noting that a trial (on heart failure patients) has shown that such local anaesthetic antiarrhythmic drugs can be dangerous. 21 overload The alternative to removing the calcium overload is to prevent the occurrence of Ca 2þ waves in the presence of this overload. One way to do this would be to decrease the open probability of the RyR and thereby (Figure 3) increase the SR Ca 2þ threshold at which Ca 2þ waves occur. The problem with this strategy is to target diastolic Ca 2þ waves as opposed to the normal systolic Ca 2þ release, a distinction which is made more difficult by the fact that both occur through the RyR. Two approaches have been tried. (i) As mentioned in Section 3.2.2.2, it has been suggested that hyperphosphorylation of the RyR makes the accessory protein FKBP12.6 dissociate thereby making the RyR leaky during diastole. The agent JTV519 increases the binding of FKBP12.6 to the RyR and when given to a heterozygous FKBP12.6 knockout mouse decreased the occurrence of ventricular arrhythmias. 48 It was also found that mutant RyRs had a lower affinity for FKBP12.6 and suggested that this decreased binding would result in increased dissociation of FKBP12.6 from the RyR during b-adrenergic stimulation. However, a study on mice expressing a mutant RyR showed no effect on the binding neither of FKBP12.6 nor of JTV519 on arrhythmias. 50 It should also be noted that recent work has found that JTV519 can decrease RyR opening by mechanisms that do not involve FKBP12.6. 69, 70 An alternative strategy is based on the observation that the local anaesthetic tetracaine decreases the open probability of the RyR 71 and increases the threshold SR Ca 2þ content at which waves are observed. 23 Tetracaine has recently been shown to abolish diastolic Ca 2þ waves in cell in which a state of Ca 2þ overload had been produced by excessive b-adrenergic stimulation. Importantly, this was accompanied by an increase of the amplitude of the systolic Ca 2þ transient (Venetucci et al. 33 and Figure 4C ). The increased systolic Ca 2þ transient may be due to the fact that Ca 2þ waves decrease the size of a subsequent systolic response. 72 Tetracaine itself would be of no use as a therapeutic agent against cardiac arrhythmias since it also blocks sodium channels and would abolish nerve and muscle action potentials. However, the development of an analog of tetracaine with specificity for the RyR might be a promising approach.
Conclusions
As discussed in this review, in the steady state, there is an absolute requirement for Ca 2þ influx and efflux to be in balance. Ca 2þ waves can result when the Ca 2þ influx into the cell is increased. Modulation of the RyR can also promote Ca 2þ waves but only in the presence of a sufficiently high SR Ca 2þ content. Finally, there are a number of potential sites against which therapeutic strategies can be targeted.
